The main objective of this study is to evaluate the nitrogen assimilation and filtration characteristics of Chlorella vulgaris Beij. when treating domestic wastewaters. Chlorella could assimilate organic nitrogen, ammonia and nitrate in wastewater, and the mean cell residence time (MCRT) to achieve the maximum biomass content in a bioreactor was different for each individual nitrogen source used. The experimental results showed that using nitrate as the only nitrogen source was the most favorable for biomass growth. With ammonia and nitrate coexisting in the aquatic phase, Chlorella possibly utilized ammonia first, and this was unfavorable to subsequent biomass growth. Nitrifying bacteria in wastewaters significantly affected Chlorella growth as they possibly competed with Chlorella in assimilating ammonia and nitrate in domestic wastewater. In a submerged ultrafiltration (UF) membrane module, with an initial concentration of 850 mg/L of Chlorella, the optimized flux was 0.02 m 3 /(m 2 ·h), and the filtration cycle was 30 min. A 'dual membrane bioreactor (MBR)' configuration using UF membranes for Chlorella incubation was proposed. MBR1 provides an environment with long MCRT for efficient nitrification. The converted nitrate is assimilated by Chlorella in MBR2 to sustain its growth. UF permeate from MBR1 is bacteria-free and does not affect the growth of Chlorella in MBR2.
INTRODUCTION Microalgae as bioenergy resource and a nutrient removal unit in wastewater
Due to the possible shortage of fossil fuels in the near future, applying biofuel as an alternative has attracted strong research attention. Microalgae are a potential candidate for biofuel production due to their high photosynthetic efficiency, high biomass yield, and fast growth rate compared with vascular plants on the same footprint (Chisti ) . Typically the carbon content in microalgae exceeds 50%, higher than that in the woods (around 40%), with low sulfur content (less than 0.4%) (Oh-Hama & Miyachi ). After harvesting and dewatering, microalgae are converted to liquid fuels through transesterification processes or thermo-chemical C:N:P ¼ 106:16:1, is generally accepted for microalgae cultures (Redfield et al. ) . When the nitrogen:phosphate ratio exceeds 16, phosphate is the limiting factor for growth. On the other hand, nitrogen is the limiting factor if the ratio is less than 10. Other researchers reported that the optimal N:P of microalgae incubation ranged from 6.8 to 10 ( () reported that using nitrate as nitrogen source led to slower biomass growth than using ammonia, as Chlorella required two enzymatic reactions to convert the nitrate to NH 4 þ . This study also showed pH increased during nitrate assimilation and was beneficial to the growth of Chlorella.
Supply of inorganic carbon source is another limiting factor for enhancing microalgae growth. Carbon dioxide (CO 2 ) is the cheapest inorganic carbon source in autotrophic incubation of microalgae. Since carbon dioxide in air is generally less than 500 ppmv, a possible way to enhance growth is to inject the flue gas from factories or power plants into the microalgae incubator, where CO 2 concentration is usually 5-10% (Maeda et al. ; Kadam  In typical transesterification reactions to extract oil from the microalgae, microalgae at concentration of 20% (w/w) are typically required (Cooney et al. ; Sing et al. ) . Thickening of microalgae is necessary and may be achieved by gravitational sedimentation, centrifugation or membrane filtration. Gravitational sedimentation is usually enhanced by chemical coagulation or flocculation (Henderson et al. ) . It requires a large footprint and chemicals that may contaminate the microalgae. Industrial centrifuges are widely applied in large-scale harvesting, and the solid recovery is up to 95% (Heasman et al. ) . The high cost of hardware investment and energy consumption are the major drawbacks of this application, especially when the initial microalgae concentration is low. Since the size of microalgae is less than 10 μm, smaller than the activated sludge flocs (usually in size of several tens μm), using centrifugation to concentrate microalgae consumes more energy than to concentrate excess activated sludge. Membrane filtration can effectively function as a pre-concentration to increase the microalgae concentration to several thousand mg/L and to decrease the loading of centrifugation and energy requirement ( In this study, to evaluate the feasibility of using Chlorella as tertiary treatment in domestic wastewater treatment, the relationship between nitrogen removal and biomass growth was investigated. The effects of nitrogen type and nitrifying bacteria were the main focuses. Subsequent thickening by ultrafiltration (UF) membranes was also addressed to determine the relevant parameters, including MCRT, filtration flux and filtration cycle for the Chlorella incubator 'dual membrane bioreactor (MBR)' configuration.
MATERIALS AND METHODS

Initial incubation of Chlorella
Chlorella vulgaris Beij. (strain #3001), a mono-cellular green algae of 2-8 μm in diameter ( Figure 1 ), was chosen as the testing species. In the initial incubation, the media composition followed Stanier et al. () , as listed in Table 1 . The incubation was carried out using 2-L glass columns with 800 lux illumination and 100 rpm stirring ( Figure 2 ). The aeration provided air in flow rates of 2 L/(min·column). The microalgae continued to grow in the columns and were harvested every 3-5 d for subsequent tests. The variations of chlorophyll a, ammonia nitrogen (NH 3 -N), nitrate (NO 3 -N), and mixed liquor suspended solids (MLSS, total suspended solids in a bioreactor treating wastewaters), were monitored. All assays follow the standard methods announced by the Environmental Protection Administration (EPA) in Taiwan (NIEA methods). The growth coefficient Y, specific growth rate μ and specific substrate utilization rate k are obtained using Monod equations (Equations (1)-(3), respectively):
In the equations, X represents Chlorella biomass (mg/L), S is the nitrogen concentration (mg/L), and X 0 and X t indicate X at time 0 and t.
Tests of nutrient removal in wastewater
To evaluate if the nitrogen form affects the microalgae growth, three synthetic wastewaters, NW, AW and PW, were prepared, where the nitrogen sources were sodium nitrate (NaNO 3 ), ammonium chloride (NH 4 Cl) and the peptone from meat (Type 107224, Merck), respectively. Table 2 lists the compositions. The composition of phosphorus and minerals are the same in the three wastewaters.
On the other hand, to evaluate the effects of heterotrophic bacteria and nitrifying bacteria on Chlorella growth, the raw sewage was taken from the primary clarifier in a domestic wastewater treatment plant in Taichung, Taiwan, and labeled as 'RW'. Before testing, large particles in RW were settled to achieve suspended solids (SS) concentration of less than 20 mg/L. RW was then sterilized using an autoclave under 1.01 atm and 120 W C, and labeled as 'SW'. There was no seeding period before the tests start. Table 3 lists the compositions.
Membrane test
The hollow fiber membrane module ( Figure 3 ) with pore size of 0.05 μm was made of polyethersulfone materials (Koch Membranes Inc.). The membrane, area 1 m 2 , was installed in an 80-L tank. The crossflow aeration was set as 80 L/min, and the backwash time was set as 40 seconds. The transmembrane pressure (TMP) was generally kept around 0.1 kg f /cm 2 , and no significant increase of TMP was observed during the filtration. The permeate tank was 100 L. The microalgae concentration was maintained at 850 mg/L as influent. To determine the proper filtration parameters including the filtration cycle and initial flux, the modified fouling index (MFI) was used for the evaluation (Schippers & Verdouw ) according to Equation (4): Organic nitrogen: 26.0; NO 3 -N: 16.5
Note: Phosphorus and minerals were the same composition as in Table 1 . V is the filtrate volume, and t is the filtration time. A higher MFI implies a higher fouling tendency. In the test, the initial flux was adjusted from 0.01 to 0.04 m 3 /(m 2 ·h), and filtration cycle was adjusted from 5 to 30 min, close to the typical parameters of an MBR treating domestic wastewater (Melin et al. ; Chu et al. ; Krzeminski et al. ) . The parameter that reaches the lowest MFI is generally suggested as the optimal one.
The dual MBR configuration
A bioreactor for continuous Chlorella incubation, named as 'dual MBR'), was installed (Wang et al. ) . Figure 4 depicts the concept, and Figure 5 is the pilot-scale configuration. The UF membranes are installed in the two MBRs, MBR1 and MBR2. MBR1 is the commercially available MBR with activated sludge to achieve organics degradation, effective nitrification, and remove the suspended solids and bacteria in flocs. MBR2 is for the cultivation and thickening of Chlorella. Table 4 lists the relevant parameters based on the aforementioned results.
RESULTS AND DISCUSSION
Chlorella biomass estimation
To estimate the proportion of Chlorella biomass in the MLSS of a reactor that treats real wastewater, a correlation between chlorophyll a concentration and Chlorella mass is required. Figure 6 depicts a typical relationship determined in the aforementioned 2-L glass columns for the incubation of Chlorella vulgaris Beij. (strain #3001). In these columns, Chlorella was the only microorganism, and the measured total suspended solids concentration was equivalent to the Chlorella biomass. This correlation was then applied to estimate Chlorella biomass in the reactors by measuring chlorophyll a concentration where other microorganisms and inert particles exist. In typical runs in this study, Sparging air flow (L/(m À2 ·min)) 6.6 6.0 Chlorella growth kinetics Figure 7 shows the typical growth curve of Chlorella using the media of Table 1. In the first 15 d, Chlorella had the fastest growth rate and grew from 100 to 450 mg/L (stage 1). The growth rate gradually decreased and remained at the peak 470 mg/L after day 15 (stage 2). It became negative and Chlorella decayed after day 22 (stage 3). Using Equations (1) Effects of nitrogen composition on Chlorella growth Figure 8 shows the results of Chlorella biomass growth in the three synthetic wastewaters NW, AW and PW. Chlorella biomass was estimated by using the correlation depicted in Figure 6 . In the first 8 d, biomass in all wastewaters kept growing, roughly increasing from 100 to 280 mg/L for PW, 110 to 190 mg/L for AW, and 170 to 310 mg/L for NW, respectively. After day 8, Chlorella biomass in PW gradually decreased and stabilized at 160 mg/L after day 13 until day 20. In AW, the concentration gradually increased to 320 mg/L at day 13, and remained at this level until day 20. During the 20-d incubation, NW increased until 510 mg/L and was higher than using the other two nitrogen sources, although its biomass growth was the slowest. The results showed MCRT for reaching the maximum Chlorella biomass content was different for the three nitrogen sources. If the organic nitrogen is the main source, MCRT is suggested to be less than 8 d. On the other hand, if ammonia is the major source, MCRT is suggested to be 13-15 d. In the case of nitrate, MCRT is suggested to be 18-20 d. Although the growth rate of Chlorella is the lowest when assimilating nitrate, one may obtain Chlorella biomass at the highest content among the three nitrogen sources. From the perspective of harvesting the highest amount of Chlorella biomass, the results imply that nitrate may be a better source than peptone and ammonia.
Effects of nitrifying bacteria on Chlorella growth Figure 9 shows the results of Chlorella growth in domestic wastewaters RW and SW. Both ammonia and nitrate were in the wastewater and served as nitrogen source. MLSS in Figure 9 represents the total suspended solids in the bioreactor. Chlorella biomass in this figure was estimated by using the correlation in Figure 6 . During the first 10 d, except for some data scattering, Chlorella biomass was nearly the same as MLSS, indicating the biomass was mainly composed of Chlorella itself. In this stage there were no significant differences in growth rate and media utilization rates for RW and SW. After day 10, concentration of Chlorella biomass in RW decreased from a peak at 400-250 mg/L during day 18, whereas MLSS kept increasing. This is possibly due to the growth of nitrification bacteria, instead of Chlorella, and leads to a decreasing proportion of Chlorella biomass. With all bacteria removed, Chlorella biomass in SW continued to increase along with MLSS until 600 mg/L at day 18. The growth pattern is similar to NW in Figure 8 . The difference between RW and SW implies that possibly the growth of nitrifying bacteria in RW inhibits that of Chlorella. The nitrifying bacteria in RW possibly grew and became predominant after day 10. Many studies on nitrification in the activated sludge process indicated that the incubation of nitrifying bacteria required MCRT longer than at least 10 d (Hallin et al. ; Kim et al. ) . If bacteria coexist with Chlorella in the bioreactor, MCRT for Chlorella bioreactors treating real wastewater is suggested to be less than 10 d to prevent the growth of nitrifying bacteria. Noticeably, Chlorella biomass in SW at day 18 reached 600 mg/L (Figure 9 ), thus reaching higher levels than those depicted in Figure 8 . A possible explanation is that some microalgae take up the organics in SW for heterotrophic cultivation, since the growth rate of heterotrophic cultivation was reported to be higher than autotrophic cultivation (Endo et al. ; Burrell et al. ) . More evidence is required to prove these observations that heterotrophic and autotrophic cultivations occur at the same time in the incubator.
As depicted in Figure 10 , ammonia nitrogen (67 mg/L initially) continued to decrease with time. NH 3 -N in RW finally dropped to 5 mg/L, while for SW the concentration dropped to less than 1 mg/L. The removal of nitrate was less significant. At day 18, removals of 10 and 22% nitrate in RW and SW were seen, respectively (Figure 11 ). Possibly the nitrifying bacteria assimilate NH 3 -N and increase the concentration of NO 3 -N in water. The activity of Chlorella may be inhibited with no assimilation of NO 3 -N. According to the results of Figure 8 , nitrate seems to be a better nitrogen source for Chlorella growth than ammonia. However, with ammonia and nitrate coexisting in wastewater, possibly
Chlorella assimilates ammonia first, although using ammonia as nitrogen source is unfavorable to reach high Chlorella biomass, as depicted in Figure 8 . Both mechanisms possibly lead to the insignificant removal of NO 3 -N in RW. It implies that denitrification using Chlorella is inhibited if nitrifying bacteria and ammonia exist in the wastewater. According to the results, it is then suggested that nitrification may be first achieved using the activated sludge process to remove ammonia, followed by a Chlorella bioreactor to absorb nitrate in a wastewater treatment plant for denitrification. . Further elevating the initial flux increased MFI, implying it requires more frequent backwash. Noticeably the Chlorella biomass in the reactor (850 mg/L) is only 10-17% of MLSS in a typical S-MBR (ranging from 5,000 to 8,000 mg/L). Soluble materials like EPS may be related to the high fouling tendency and decreasing the operating flux. For determining the filtration cycle, Figure 12 (b) depicts the MFI at a variety of filtration cycles at initial flux of 0.02 m 3 (m 2 ·h). MFI was close to zero in the 5-min cycle, implying that nearly no fouling occurs. However if setting the cycle at 5 min, all permeate is consumed in the backwash, and this makes the filtration infeasible. The subsequent test compared the performance of the cycle at 10, 20 and 30 min. Possibly Chlorella attached on the membrane becomes a 'dynamic membrane' to prevent the fouling of EPS. MFI of 30-min cycle was lower than that of 20 min. To produce sufficient permeate, 30 min was chosen as the filtration cycle for Chlorella thickening. 
Filtration performance of Chlorella
Preliminary testing results of dual MBR system
Based on the aforementioned results, the following is summarized:
1. When nitrate is the only nitrogen source, the achievable Chlorella biomass is higher than the case using organic nitrogen and ammonia. With nitrate and ammonia coexisting in the aquatic phase, Chlorella takes up ammonia first, instead of nitrate, and the achieved biomass is lower. From the perspective of increasing the Chlorella biomass, nitrate seems to be a better nitrogen source. If possible, all organic nitrogen and ammonia is suggested to be converted to nitrate. 2. Providing an environment without the interference of nitrifying bacteria is favorable to Chlorella growth. The nitrifying bacteria may inhibit the growth of Chlorella. 3. In treating real wastewaters, the optimal MCRT may vary according to the nitrogen sources in wastewaters. When using Chlorella to treat domestic wastewaters, MCRT should be flexibly adjusted according to the variation of nitrogen composition.
The dual MBR in Figures 4 and 5 may thus be feasible for Chlorella growth. One advantage of MBR1 is that it largely decreases the negative factors for microalgae to grow, including the suspended solids blocking the light and nitrifying bacteria. One additional advantage is that microalgae in MBR2 assimilate the nitrate and phosphate in the bacteriafree filtrate of MBR1 to sustain them, so that extra addition of media for Chlorella growth is not required.
As mentioned previously, when MCRT is longer than 10 d, it is favorable for the growth of nitrifying bacteria and enhancing the nitrification. Using an MBR, one may control MCRT of the activated sludge process by using a UF membrane to intercept all excess sludge particles, instead of using the secondary clarifier. In this study, using the pilot-scale facility in Figure 5 to treat domestic wastewater RW, when setting MCRT of the first bioreactor (MBR1) at 19 d, the results showed it enhanced the nitrification to convert most ammonia to nitrate. The ammonia nitrogen of MBR1 effluent remained less than 5 mg/L. The converted nitrate can be subsequently assimilated by Chlorella in the second reactor (MBR2).
The experimental results in Figure 9 showed the growth of nitrifying bacteria in real wastewaters may be unfavorable to the growth of Chlorella in MBR2. The results of treating RW using the facility in Figure 5 showed that MBR1 effectively removed the nitrifying bacteria in domestic wastewater. The removal efficiency of MBR1 was stably higher than 99.7% when setting initial flux at 0.02 m 3 /(m 2 ·h) and filter cycle at 30 min. The UF membrane of MBR1 effectively filters the microorganism such as bacteria, and this may work similarly to sterilizing the wastewater (SW).
By using the UF membrane of MBR2, one can easily adjust MCRT, depending on the composition of nitrogen. The excess Chlorella biomass is discharged in the bottom of the MBR2. The tests on treating RW showed that MCRT could be flexibility adjusted from 5 to 20 d. Setting 8 d as MCRT of Chlorella in MBR2 seems to be an optimal value from a variety of perspectives, as it is possible to avoid the excess growth of EPS (Moreno et al. ), beneficial to CO 2 entrapment ( Jacob-Lopes et al. ; Chai & Zhao ), and also performs well in nitrate removal (Su et al. ) . In this test, the achieved Chlorella biomass in MBR2 was less than 300 mg/L, lower than the commercially accepted level (at least 500 mg/L). The configuration requires more improvement before becoming commercially feasible, especially on the inorganic carbon supply, aeration efficiency, and illumination. Further investigation is necessary.
CONCLUSIONS
The results of testing three synthetic wastewaters (PW, AW and NW) show that Chlorella assimilates organic nitrogen, ammonia and nitrate. To achieve maximum Chlorella biomass in the bioreactor, the MCRT should be adjusted according to the nitrogen source in wastewater. Among the three nitrogen sources, the achievable biomass was the highest when taking up nitrate, with MCRT 18-20 d. With ammonia and nitrate coexisting in water, Chlorella possibly utilized ammonia first, instead of nitrate, although this is not favorable for Chlorella growth. On the other hand, tests using real domestic wastewaters (RW and SW) showed that providing an environment without the interference of nitrifying bacteria was favorable to Chlorella growth as well. Nitrifying bacteria seems to compete with Chlorella in the bioreactor. Based on the observations, the dual MBR configuration is proposed for treating domestic-type wastewaters using Chlorella. MBR1 is a conventional MBR with the activated sludge process for wastewater treatment, and MBR2 is either a Chlorella incubator or a tertiary treatment for denitrification. The main advantages are that MBR1 may enhance nitrification, and produce bacteriafree permeate that is favorable for sustaining growth of Chlorella in MBR2. An additional advantage is that MCRT of MBR2 is flexibly adjusted for a variety of nitrogen compositions in wastewaters. The experimental results showed the low flux (0.02 m 3 /(m 2 ·h)) and low biomass concentration (roughly 300 mg/L) in the pilot-scale dual MBR configuration in this study. It suggests that the dual MBR configuration still requires more improvement before becoming commercially feasible.
